The objective of our work is to study, develop, characterize and apply a new epoxy macromolecular matrix in coatings, and their optimization for the conservation of marine heritage. Epoxy resins are technologically and nano-technologically compatible thermosetting macromolecule matrices that are easy to implement, according to their structures, viscosimetric and rheological properties, for the protection of the heritage possibly subject to atmospheric corrosion. In this sense, we have tested the new macromolecular binder, hexaglycidyl ethylene of methylene dianiline (HGEMDA), crosslinked and formulated for studying the behavior of steel coatings in a marine environment. In order to evaluate HGEMDA coating performance, we have studied its adsorption behavior onto the surface of corroded steel, and explained the interactions between the coating macromolecule and the steel surface. The coating effect on E24 steel was studied by quantum chemical calculations. The adsorption of HGEMDA onto the surface of E24 steel has been well described by the Quantitative Structure of Relation Property model (QSPR). The stationary and transient electrochemical studies are very interesting, since the prediction of the coating behavior was performed by the semi-empirical PM6, DFT methods and the method of three Becke compounds of parameter (UB3LYP), based on 6-311 G. All our calculations were performed using Gaussian software (03).
Introduction
Epoxy polymers are very important technological thermosetting materials that have been widely used in several industrial fields, such as electronics [1, 2] , coating [3] , corrosion inhibition [4] , packaging of radioactive wastes [5, 6] , viscosimetric and rheological behavior [7, 9] . They are also used as adhesives in aeronautical construction [10] and in space construction [11, 13] . The objective of our work is to develop a new coating for E24 steel, which is easy to implement, and inexpensive for the protection of the heritage subjected to standard atmospheric corrosion. The field of conservation/restoration uses some means of protection against corrosion, developed for industrial applications, among which are the so-called chemical or electrochemical conversion coatings, metallic deposits or organic polymer films, which are now commonly used. However, their use requires cleaning and preparing surfaces before application, which means the removal of corrosion products. As a result, these processes have been used in the field of heritage, for the protection of metal elements stored in the exterior. This research involves the physicochemical application and study of a new hexafunctional epoxy prepolymer, and its anticorrosive behavior towards E24 steel in the marine environment. These materials can be corroded in aggressive environments [14, 15] , so, the best way to protect them against corrosion is to apply protective coatings [16, 17] . Among the various types of coatings, we find organic polymers which can play a very important role in the prevention of oxidation corrosion, thus avoiding the heritage degradation [18, 19] . The epoxy prepolymers coating method remains a very effective approach against accentuated and rapid corrosion, due to its good adhesion and acid/alkali resistance, and high crosslinking density [20] , thanks to its macromolecular structure. In this work, we have applied the new hexafunctional epoxy prepolymer: hexaglycidyl ethylene of methylene dianiline, synthesized in laboratory [21] . Evaluation of the coating impact by E1 (HGEMDA/MDA) and E2 (HGEMDA/MDA/PN) protective formulations on E24 steel was made by two electrochemical methods, namely stationary and transitory methods. The prediction of the coating behavior was carried out by semi-empirical equations [22, 23] , molecular dynamics simulations [24, 25] and mathematical tools, including neural networks [26, 27] , fuzzy sets [28] and graphs of theoretical indices [29, 30] . This led to the confirmation of the correlation of the molecular properties of this epoxy prepolymer (HGEMDA) with quantum chemistry calculations.
Materials and methods

Hardware
Products used
We have used several products among which are: the hexafunctional epoxide prepolymer, that is, hexaglycidyl ethylene of methylene dianiline (HGEMDA), synthesized in laboratory [21] ; methylene dianiline; natural phosphate; and 3.5% NaCl. The latter products have been marketed by Aldrich Chemical Co.
Electrochemical cell with three electrodes
The electrochemical measurements were obtained by assembly of an electrochemical cell with three electrodes, as shown in Fig. 1 . A platinum electrode was used as counter electrode, a saturated calomel as reference electrode, and a cylindrical E24 steel as working electrode. The surface of contact with the corrosive solution was 1 cm². Before each test, the working electrode was polished to an abrasive grade paper: 600, 1200 and 1500. These three electrodes were immersed in a 100 mL container, in which orifices of well-designed diameters and spacings were formed, enabling the introduction of the three electrodes, and also allowing systems of agitation, temperature control, aeration and deaeration. 
Electrochemical measurements
The stationary measurements were carried out in a potentiodynamic mode by using a potentiostat/galvanostat SP-200 Biologic Science Instruments. The working electrode was previously kept immersed at the free corrosion potential for 30 min. The scanning speed was 1 mV/s. The determination of the electrochemical parameters (icorr, Ecorr, βa and βc) from the polarization curves was done by using a nonlinear regression by Ec-Lab software. Thus, the coating efficiency was calculated from the following formula:
where i 0 corr and icorr are corrosion current densities (A.cm -2 ), respectively, with and without the coating polymer, in different formulations. βa and βc are, respectively, the Tafel constants of the anodic and cathodic reactions (V -1 ). These constants are related to the slope of Tafel β (V.dec -1 ), and the form on the logarithmic scale is given by:
The measurements of the electrochemical impedance spectroscopy were carried out by using the same apparatus with a signal amplitude of 0 mV. The explored frequency range varied from 100 kHz to 10 mHz. The efficiency of coating protection was evaluated by using the equation:
where R°p and Rp are, respectively, the polarization resistors in the absence and presence of the coating polymer with different formulations.
The curing of hexaglycidyl ethylene from methylene dianiline
We have used methylene dianiline as a hardener to crosslink the epoxy prepolymer, due to its high thermal stability and good mechanical properties towards the prepolymer. It is often used for high-tech applications with an implementation in the desired form. The chemical structure of methylene dianiline is shown in Fig. 2 : 
The ratio's calculation
The stoichiometric coefficients' calculation In order to obtain the optimum properties while curing a multifunctional epoxy resin with methylene dianiline, it is also desirable to make the resin and the curing agent react until approximately stoichiometric amounts [9] . This is the calculation of the epoxy equivalent weight (EEW) of the synthesized prepolymer (HGEMDA):
where f is the epoxy resin's functionality. Therefore:
952
(5) 6 EEW = EEW = 158.7 g/eq (6) The calculation of the AHEW (Amine Hydrogen Equivalent Weight) constitutes the mass of the hardener containing an amine equivalent. 
Calculation of the ratio by weight
The hardener's ratio by weight, with regard to the resin, is calculated, in the majority of cases, by PHR (parts per hundred of resin):
In this case, HGEMDA:
Amin (PHR) = (49.5/158.7) × 100 (11) Amin (PHR) = 31 g/eq (12) Therefore, it will be necessary to make 31 g of methylene dianiline per 100 g of HGEMDA, in order to reach the optimum properties when we cure the prepolymer with methylene dianiline. The ratio to the weight of natural phosphate is calculated by the following equation:
x y % = (13) resin + MDA + x where x is the quantity of HGEMDA resin and y is the amount of the natural phosphate charge.
The coating of E24 steel by HGEMDA
The metallic material was cut into plates of 1 cm 2 . In order to obtain reliable and reproducible results before each test, the surface of the plates was polished with abrasive paper of increasing fine granulometry (600, 1200 and 1500), before being soaked in the corrosive solution; then, it was rinsed with distilled water and finally dried in the air. The used experimental protocol was as follows: Formulation 1 (HGEMDA/MDA): we have mixed 1 g of HGEMDA with 0.30 g of MDA as hardener, stirred the mixture, and then we left it for about 30 min to homogenize it. The formulation was applied to E24 steel by using a filmproducing rod. This coated plate was placed in an oven for 24 hours at 70 °C, to crosslink the polymer deposited on the substrate. Formulation 2 (HGEMDA/MDA/PN): we have followed the previous protocol (formulation 1) with the addition of 5% of natural phosphate as filler.
Methodology for calculating the parameters of quantum chemistry
The quantum chemistry calculations have been widely used to study the reactions mechanisms [31] . They also proved to be a very interesting tool in studying the molecules properties [32, 33] . The physical properties have shown to be related to the molecular structure and spatial electronics. In this research, we have studied the relationship between quantum chemistry parameters and the epoxy prepolymer coating behavior. The quantum chemical parameters were calculated by the semi-empirical method of the neutral macromolecular matrix, negatively and positively charged, i.e., the parametric method (PM6 and DFT) and the three Becke compounds method (UB3LYP) were thus used on the basis of 6-311G. All these calculations were performed by Gaussian software (03). The calculated quantum chemical parameters are the energy of the highest occupied molecular orbital (EHOMO) and the energy of the lowest unoccupied molecular orbital (ELUMO). These molecular orbitals (EHOMO and ELUMO) of the coating molecule are linked to the ionization energy (I) and to the electronic affinity (A), respectively, I = -EHOM and A = -ELUMO. Gap energy (∆E = ELUMO-EHOMO), softness (σ), ionization potential (Pi), electronegativity (χ), absolute hardness (η), function of the transferred electrons at the surface of the metal (∆N) and the electrophilic character, ω, are all related, according to Koopmans theorem [34] . The ionization potential (Pi) of the coating behavior is calculated using the following equation:
Electronegativity (χ) and absolute chemical hardness (η) can be evaluated by using the following equations [35] : (15) 
The chemical softness (σ), which describes the ability of an atom or a group of atoms to accept electrons, is calculated according to the following equation [36] :
The number of transferred electrons (∆N) was calculated according to the chemical quantum method by the following equation [37] :
The electrophilic character, ω, is a reactivity descriptor that allows a quantitative classification of the electrophilic nature of a compound within a relative scale.
We proposed ω as a measure of maximum energy lowering, due to the electrons transport between the donor and the acceptor flow. ω is defined by the following relationship [38] :
The constituents of E24 steel are grouped in Table 1 . Manganese is the major compound in E24 steel, so we have taken its electronegativity for the calculation of the number of transferred electrons (∆N). χMn and χinh represent the absolute electronegativity of manganese and the coating molecule, and ηMn and ηinh denote, respectively, the absolute hardness of manganese and the coating molecule. In this study, we have used the theoretical values of χMn = 1.55 and ηMn = 6, for the calculation of the number of transferred electrons.
The local reactivity was performed at the level of Fukui indices. This study indicates the region of an atom or a series of atoms' reactivity, which is responsible for the nucleophilic and electrophilic attacks of each of these atoms in the tested molecule. Fig. 3 shows the potentiodynamic polarization curves that describe the protective effect of E24 steel in a marine environment, E0, by the formulations E1 (HGEMDA/MDA) and E2 (HGEMDA/MDA/PN). The electrochemical parameters of E1 (HGEMDA/MDA) and E2 (HGEMDA/MDA/PN) coating matrices are summarized in Table 2 . The study of these curves has enabled us to make the following observations: the cathodic branches show no linearity, and are considered as the sum of the two curves (show mixed kinetics) by oxygen reduction and hydrogen evolution [39] . However, the anodic branches also do not exhibit any linearity due to E24 steel dissolution [40] . The protective mechanism herein studied, according to the protective matrices (E0, E1 and E2), was constituted by the standard polymeric epoxy resin (HGEMDA), the hardener (MDA) and the charge formed by the natural phosphate layer. The interpretation of the results, according to the constitution of the matrix, is given as follows.
Results and discussions
Polarization curves
In the E0 matrix, without substrate coating, as a control, the anions Cl -and OH -, coming from a corrosive medium, directly attack the substrate, which induces a direct and increased corrosion. Fig. 4 and 5, respectively, show the protection mechanism of E24 steel by E1 (HGEMDA/MDA) and E2 (HGEMDA/MDA/PN) formulations, with and without natural phosphate. Through the E1 (HGEMDA/MDA) matrix, we have anticipated that there would be a relatively large diffusion of chloride and hydroxide ions through the protective film, which could exhibit micropores, by inducing the primary corrosion translated by icorr = 2.5 µA/cm² and Ƞ% = 94%. This would lead to an acceleration of the metal anodic dissolution [41] . Once applied the E2 matrix (HGEMDA/MDA/PN), we observe the formation of the material's oxide, which acts as a protective layer of short duration [42, 43] . In this case, the electrochemical corrosion parameters are icorr = 1.94 µA / cm² and Ƞ = 96.5%. The addition of 5% of natural phosphate is accompanied by a marked decrease in the corrosion current, in both cathodic and anodic domains. The corrosion potential moves overall towards the anode direction, after the addition of E1 (HGEMDA/MDA) and E2 (HGEMDA/MDA/PN). This allowed us to conclude that natural phosphate added to the formulation acts as a mixed inhibitor.
Electrochemical impedance spectroscopy
In order to confirm the results obtained by the potentiodynamic polarization curves, and to study the coating behavior mechanism in more details, electrochemical impedance spectroscopy was performed. The results of this method are represented in the form of Nyquist diagrams. These impedance diagrams of E24 steel immersed 30 min before each open circuit measurement in the corrosive 3.5% NaCl solution, with respect to the set of matrices (E0, E1 and E2), are presented in Fig. 6 . Figure 6 . Open-circuit electrochemical impedance diagrams after immersing E24 steel in 3.5% NaCl, in the presence of the matrices (E0, E1 and E2) at 298 K.
The analysis of the different diagrams composing, respectively, the protective matrices E0, E1 and E2 shows that the latter is formed by a high-frequency capacitive loop attributed to the film effect, which is due to the diffusion phenomenon. Indeed, the more the semicircle diameter increases, the better the corrosion resistance of the protective film is [44] . This study would confirm the results obtained by the stationary method.
Figure 7.
HGEMDA phase angle diagrams in 3.5% NaCl, after 30 min immersion with different formulations (E0, E1 and E2) at 298 K. Fig. 7 and 8 , respectively, show the diagrams of Bode and phase angle of E24 steel coating behavior in a marine environment. The plots of these diagrams in the presence of different formulations (E0, E1 and E2) are illustrated in the figures below. In Fig. 7 , we have found that the phase angles increased with an increasing coating formulation. This increase in the phase angles confirms a higher protection by the increase in the coating formulation (E0, E1 and E2). Indeed, from this phase angle diagram, we have found that there are three frequency domains: low frequencies, high frequencies and intermediate frequencies. For low frequencies, the increase in the absolute impedance values confirms the greatest protection with the different coating formulations on E24 steel (Fig. 8) . At high frequency, the phase angle values are approximately equal to zero, which indicates that the electrode behavior corresponds to the solution resistance [45] . In the intermediate frequencies, the phase angle is close to 70 °, and a linear relation between log | Z | in view of log(f) with a slope close to -1 was observed, which indicates the coating capacitive behavior at intermediate frequencies.
The capacitor behavior, according to the literature, would be ideal if the slope value reached -1, and if a phase angle value reached 90 °. The phase angle values are calculated through the phase curves (Z) in view of log (frequency). These values of α vary between -0.50 and -0.70 for the different coating formulations, which could be related to the non ideal structure of the metal/solution interface. These results confirm those of the electrochemical impedance spectroscopy. From the curve shapes presented in the Bode and Nyquist diagrams, the latter shows an interface capacitive behavior, and the existence of an equivalent electrical circuit (Fig. 9 ) that contains a constant phase element unique in the metal/solution interface in all the examined frequencies. This is due to the interpretation of the information related to the coating behavior properties or to the metal surface corrosion. This circuit is composed of Rs (electrolyte's resistance), Cf (coating film capacity), Rf (coating film resistance), Rct (load transfer resistor) and Cdl (double layer capacity). The electrochemical impedance values and the efficiency resulting from each protection matrix (E0, E1 and E2) are grouped in Table 3 . This table shows that the coating film resistance values for the coating behavior matrices are confirmed through the parameters results from the potentiodynamic polarization curves. Table 4 summarizes the results of the stationary and transient methods.
The coating behavior is correlated with a very low barrier effect, due to the existence of pores and defects in the coating and/or poor adhesion amid the coating and the metal substrate. The absence of adhesion of the unpigmented coatings is suggested by the obtained low charge transfer resistance and the rapid formation of bubbles over the entire coating surface, in which a significant corrosion occurs [46] . On this basis, the largest semi-circle in the E2 coating system Nyquist diagram indicates a better corrosion resistance (see Table 4 ). This can be explained by the presence of natural phosphate, which is responsible for the higher corrosion resistance. 
Modelization
The experimental results concerning E24 steel coating behavior in a marine environment were simultaneously obtained through the potentiodynamic/stationary method and the Nyquist mode/transient method. This showed that the metal protection efficiency, by the different formulations of E1 and E2 from the macromolecular structure of the new synthesized epoxy hexaglycidyl ethylene of methylene dianiline (HGEMDA), is very good, since it is equal, respectively, to Ƞs (E1) = 94% and Ƞs (E2) = 96.5 %; and Ƞt (E1) = 97% and; Ƞt (E2) = 99 %. In order to confirm the adhesion sites of the epoxy polymer, which are responsible for the experimental results (reflecting the good adherence of our epoxy hexafunctional macromolecular matrix [20] composed of six aromatic nuclei on the one hand, and an ethylenic nucleus on the other hand) we have carried out the calculation study of quantum chemistry through Gaussian software (03). To perform the calculation of the quantum chemistry parameters of the epoxy resin, several descriptors were studied on the electronic steric basis and the thermodynamic effect. The calculation of the different descriptors was carried out by two different methods: the first one was semi-empirical (PM6), and a second one was based on the electron density (DFT) through Gaussian software (03). The main results of this study are summarized in Table 5 . In order to better understand the coating behavior adsorption mechanism studied on the surface of E24 steel, optimization analysis to estimate active coating adsorption centers was made, and quantum chemical calculations were performed. This was precisely done by the PM6 and DFT methods, the optimized geometrical structures and the EHOMO and ELUMO electron density distributions. These coatings are presented in Fig. 10-15 . The quantum chemical parameters were calculated and analyzed, in order to explain the reactivity of the electropositive and electronegative sites of the HGEMDA molecule. These are grouped in Table 5 . The high ionization energy indicates a high stability [47, 48] ; ∆N <3.6 indicates the tendency of a molecule to give electrons to the metal surface [49, 50] . The EHOMO and ELUMO of the orbital of the neutral, positively and negatively charged macromolecular matrices of the two studied methods are respectively shown in the figures below. This clearly shows that the electronic effect reacts with the coating behavior phenomenon on the aromatic system, epoxy group and ethylenic kernel. EHOMO generally describes the ability of a compound to give electrons. A high energy value of the HOMO energy orbital facilitates the tendency of molecules to yield electrons to acceptable electron species with unoccupied molecular orbitals that have low energy levels. On the other hand, ELUMO is related to the ability of a molecule to accept electrons. A low value of LUMO energy means that the molecule certainly accepts electrons. Thus, the adsorption of energy amid the coating behavior and the metal surface of E24 steel increases when the gap energy (∆E = ELUMO -EHOMO) decreases [51] . From the analysis in Table 5 , we have observed that the gap energy values are lower between the molecular orbital boundaries of the donor and the acceptor. This indicates that the quality of the film formation is good. With respect to the donor and the electron acceptor molecular orbitals, we have observed in the figures above that the electron densities (HOMO) are localized, respectively: on the aromatic cycle surface, on the ethylenic nucleus for the PM6 method (neutral and negatively charged), on the ethylenic nucleus surface for the DFT (neutral and negatively charged) method, and on the surface of the epoxy group and the aromatic cycle for both PM6 and DFT (positively charged) methods. On the other hand, the electronic densities (LUMO) are located on the aromatic cycle surface for the two PM6 and DFT methods (neutral and negatively charged), and on the surface of the ethylenic nucleus for the two PM6 and DFT (positively charged) methods.
The results indicate that the adsorption efficiency of the coating behavior increases with the ionization potential (Pi), because this property is directly related to EHOMO. In other words, the adsorption of the coating behavior or the adhesion of the epoxy macromolecular resin onto the metal support take place at the level of the aromatic cycles, epoxide cycles and the ethylenic radical, with respect to the micro-gaps on the substrate surface.
Conclusion
In this work, we have tested the new synthesized hexafunctional epoxy prepolymer, hexaglycidyl ethylene of methylene dianiline, in the protection of E24 steel by the coating behavior process derived from the formulations based on standard epoxy prepolymer, methylene dianiline and natural phosphate used as a charge. The obtained electrochemical results, namely the potentiodynamic polarization curves and those of the electrochemical impedance spectroscopy, are entirely in reasonable agreement, and they confirm that natural phosphate presented in the formulated E2 matrix (HGEMDA/MDA/PN) has a very effective protective effect. The Bode and phase angle diagrams confirm the results of the electrochemical impedance spectroscopy. Finally, the prediction of the coating behavior is carried out by the semi-empirical PM6 and DFT methods, using the Gaussian software (03), which confirms the adhesion sites of the macromolecular epoxy matrix.
